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I. INTRODUCTION 

A. REASON FOR THIS REPORT 

For some years MTRA has had an i n t e r e s t  i n  and has supported 

some analy t ica l  work w i t h  space power systems u t i l i z i n g  H20 

as a working f lu id .  I n  August, 1962, ASTRA undertook, f o r  

the NASA, t o  "provide a se t  of space rad ia tor  configurations 

and weights f o r  various radiator  parameters, 

space power systems. 

I 1  f o r  steam 

A preliminary computation of one point (30 ekw and 

TR 

w e r e  weight competitive with other  system concepts. 

computed system spec i f i c  weight (- 41 lb/ekw) w a s  obtained 

f o r  a concept u t i l i z i n g  conventional materials and 

temperatures. 

computation w a s  requested i n  order t o  allow deta i led  check- 

ing of the assumptions, input data ,  and computational 

approach. This is t h a t  report .  

390 F) confirmed that  small steam space power u n i t s  

The 

On t h i s  basis  an ea r ly  report  of the  rad ia tor  

I- 1 a s t r a  
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B. TECHNICAL BACKGROUND 

Effective space radiators are obviously of the tube-and-fin 

type. 

fins conduct the heat to the point of radiation. 

optimum radiator must take into account the transport fluid 

properties as well as the radiator material characteristics. 

The tubes transport the heat to the fins and the 

The 

An optimum radiator (for any one temperature) is obtained by 

providing (1) an optimum fin configuration, (2) an optimum 

tube spacing, (3) an optimum pressure drop (temperature 

drop), and (4) an optimum header configuration. 

system also requires consideration of various radiator 

temperatures . 

An optimum 

For the steam system the light metals aluminum and beryllium 

can be considered. 

and, on a weight basis, provide excellent protection 

against meteoroid penetration . 

Both have high thermal conductivities 

Steam itself is an excellent working fluid. 

about 6 - 7 times as mch heat as mercury vapor and the 

It transports 

dP 
dT ratio - (for saturation conditions) is quite high. This 

allows the use of radiator tubes with an L/d ratio 

10 - 20 times that postulated for condensing metallic vapors. 

about 
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SUMMARY RESULTS 

Radiator Specifications (30 ekw) 

Type 
p (probabili ty of avoiding 
puncture f o r  one year,  L e w i s  
Research Center approach) 

Equivalent Space Temperature 

Material 

E: (emissivity) 

a (absorptivity) 

Duty 
I n l e t  Temperature 

I n l e t  Pressure 

I n l e t  Condition 

Outlet Temperature 

Outlet Pressure 

Outlet Condition 

Number of Tubes (N) 
( for  p a r a l l e l  flow) 

Length of Tubes at 1 

Tube Wall Thickness (tt) 

F in  Thickness ( t f )  

Tube Spacing 

Tube I . D .  (dl 

Tube Outside D i a m e t e r  (D) 

Fin Width (B) 
Radiating Area 
Configuration (each 
sect ion of two sections) 

Radiator Weight (including 
headers and coolant) 

Specific Weight 

- Tube-and-Fin 

- 0.89 

- 440°R 
- Aluminum 

- 0.85 

- 0.25 

- 220 tkw 9 : \  
- 400°F 

- 248 ps ia  

- Saturated Vapor 9 

- 382OF 

- 200 ps i a  

- Saturated Liquid “ 9  
$ 0  - 36 b o ,  

- 40 f t  
h 

X F  
L p I  : c  

fiq: 
O K  

- 0.556 %.672h) < 
- 1760 f t  L 

1-3 a s t r a  
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2. System Criteria 
0- * 

a. P l a n t  Size 

b. Working Fluid 

c. Type of Cycle 

d. Maximum Temperature 

e . Minimum Temperature 

f .  Maximum Pressure 

g. Minimum Pressure 

h. Overall System Efficiency 

3. System Weights 

a. Radiator 

b. Turbine-Pump-Generator 

c. Reactor 

d. Recuperator 

e. Miscellaneous 

f .  Total fo r  System 

g. Specific Weight 

- 30 ekw 

- Water 
- Rankine 

- 1200 F 

- 360 F 
- 1200 ps i a  

- 200 ps ia  

- * 12% 

- 680 

- 70 

- 270* 

- 60 

- 140 

- 1220 

- 41 l b / C h .  

* 
reactor .  

Estimated weight for  a once through d i r e c t  steam generating 



11. THE OPTIMUM FIN CONFIGURATION 

For the  tube-and-fin radiator  it has been shown tha t  there  

i s  an optimum (maximum heat radiated per  pound of f i n )  

re la t ionship  between the f i n  width and thickness. 

A f i n  conduction parameter is defined as: 

3 2  GET B 
Ncp 2ktf 

where, 

N = conduction parameter 

CT 

C 
-8  = Stefan-Boltzman's constant = 0.174 x 10 

E 

T = temperature of t h e  tube surface - R 

B - f i n  width - f t  (between tubes) 

k = thermal conductivity of the f i n  material 

= emissivity of the f i n  = 0.85 
0 

= f i n  thickness - ft.  tf  

Although k is  a function of temperature, and the  f i n  tempera- 

t u r e  decreases with distance from the tube, for t h i s  analysis 

k w i l l  be evaluated a t  the tube surface temperature. This 

i s  s l i g h t l y  conservative. 

11- 1 a s t r a  



The relationship between tf and B i s  then: 

- - 0.0739 x T3 B 2 = C2B 2 
C 

tf k N  

where 

0.0739 x T3 
‘2=[ k N  C 

The value of Nc which gives an optimum f i n  configuration 

depends independently on the ratio (es) of effective space 

temperature to  radiator temperature and the radiator con- 

figuration ratio B/D (see Figure 1). 

Figure 2 evaluates C2 for various temperatures and values 

of optimum Nc. 

11-2 a s t r a  
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111. THE OPTIMUM TUBE SPACING 

1. Condenser Duty 

For the rad ia tor  configuration shown i n  Figure 1 and f o r  a 

condensing heat t r ans fe r  f l u id  the  t o t a l  heat radiated is: 

where Q = heat radiated from condenser, 
C 

Qt = heat radiated from tubes only, 

= heat radiated from f i n s  only. Qf and 

For a single lone tube a t  a uniform temperature 

where q = t 

N =  

D =  

- - 
Lt and 

S i m i  lar l y  

2 spec i f i c  tube radiat ion i n  tkw/ft -hr 

number of tubes i n  the condenser 

outside diameter of tube - f t  

length of a single tube - f t  

0 space temperature, R. 

111-1 a s t r a  
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t k w  
2 f t  -hr  

where qf = spec i f ic  f i n  radiat ion,  . 

Since the average f i n  temperature is less than the tube 

temperature, qf < 4,. It is  convenient however, t o  r e l a t e  

these two factors .  

is defined as: 

Thus, a f i n  effect iveness  fac tor  (qo) 

The above expressions are  val id  fo r  a f l a t  p la te  rad ia tor  

( i . e . ,  where D = t f ) .  

t o  introduce a shadow factor (angle fac tor ,  view fac tor ,  

For an actual  rad ia tor  it is  necessary 

geometry fac tor )  which i s  primarily a function of B/D. 

Thus, with these fac tors  included, the t o t a l  heat radiated from 

a s ingle  tube and f i n  is: 

- =  QC qtrDLtFt + 2q q BL F 
N t o  t f  

or 

- Qc = q L (rDFt + 2q BFf) 
N t t  0 

where Ft = shadow fac tor  for the  tube (- 0.84 fo r  steam radia tors )  

and = shadow fac tor  for the f i n s  (* 0.96 fo r  steam radia tors ) .  Ff 

111-2 a s t r a  



The t o t a l  projected radiating area of a s ingle  tube and 

f i n  is: 

A 

N 
- =  2L(D + B) 

and the  heat radiated per  u n i t  projected radiat ing area f o r  

the whole condenser is :  

QC 
TDF, 4- 2q0BFf \ 

2 D 4 - B  
C 

2. Condenser Weight 

The weight of the condenser (without headers) is  j u s t  the  

sum of the tube 2nd f i n  weights. 

FJ = W + Wf. 
C t 

The weight of a s ingle  tube and f i n  i s  , 

2 W 

N t t  - = -  z (D2 = d ) p I, t f B P f L t  

where d = inside tube diameter - in .  

= density of tube material - l b / f t  3 
p t  

3 = density of f i n  material  - l b / f t  . Pf 

111-3 a s t r a  



The condenser weight per unit  projected area is: 

T 2  2 W (D - d ) D .  + t.-Bo.- 
C ' '  t r * E  - - w = - -  

2(D -I- B) 
C 

c A  

For the case where the  radiator  tubes and f i n s  are of t he  

same material the t o t a l  radiator  weight per un i t  of heat 

re jec ted  is:  

3 where p = density of condenser mater ia l ,  l b / f t  
C 

But D = d + 2 t t  

where t = tube w a l l  thickness - f t  t 

2 2 D2 = d + 4dtt 9 4 t t  

2 2 and (D - d ) = 4t t (d  + t t )= 

Also f o r  the optimum (minimum weight f i n )  tf and B are 

r e l a t ed  by: 

- -- 
C 

tf  2kN 

111-4 a s t r a  
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where t h e  optimum value of N is used (see Figure 3). The 

thermal conduct ivi t ies  of the condenser mater ia ls  are shown 

i n  Figure 4. 

C 

And 

a t t ( d  + t t )  + 2kNc B 
a(d G 2t t )F t  + 2qoBFf 

W 
C 

For ease i n  manipulation 

3 
W C1 + C2B 

C3 + C4B Qt 

the above expression can be wr i t ten :  

where C1 = 

- - 
c2 

c3 
- - 

- and C4 - 

-8  3 x 10 T 0.0739 ~~ _ _  - 
3 o a  

2kN 
- =  

C 
kN 

C 

a(d + 2tt)Ft 

W 
C The value of B which gives  an optimum value of the  r a t i o  - 

Qc 

can be determined from a plot of B vs 

various assumed values of d ,  t t ,  material, and tube rad ia t ing  

temperature. 

rad ia t ing  temperature and tube w a l l  thickness w a s  assumed 

constant (T = 390°F and tt = 0.02 f t ) .  The material con- 

sidered i n i t i a l l y  i s  aluminum. 

In order t o  reduce computation t i m e  t he  

111-5 a s t r a  
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a- 
Thus C1 = 0.02~r(d + 0.02) 

- - 0.0739 x 
c2 120 x N (390 + 460)3 

C 

N from Figure 3 
C 

e S = - =  440 0.518 

k from Figure 4 (= 120) 

= 0.84~r(d -!! 0.04) c3 
C4 = 1.92q 

q 

0 

from Figure 5 (es = 0.518). 
0 

Table I detai ls  the computations d = 0.010 and four values 

of B/D. 

and shws the values of f i n  width for minimum radiator 

Figure 6 i s  a plot of these points (and others) 

weight. 

111-8 a s t r a  





TABLE I. THE WEIGHT FUNCTION R AS A FUNCTION 
OF FIN WIDTH 

(d = 0.01 ft) 

B/D 8 10 12 14 

D 0.05 0.05 0.05 0.05 

B 0.4 0.5 0.6 0.7 

B3 0.064 0.125 0.216 0.343 

c1 

c2 

c3 

c4 

C2B3 

C4B 
C1+C2B 3 

C3+C4B 

R 

0 -00188 

0.00409 

0.1319 

1.055 

0 . 000262 

0.421 

0.00214 

0.553 

0 . 00387 

0.00188 

0.00419 

0.1319 

1.062 

0.000525 

0.530 

0.00241 

0.662 

0.00364 

0.00188 

0.00427 

0.1319 

1.067 

0.000920 

0.642 

0.00280 

0.774 

0.00362 

0.00188 

0.00433 

0.1319 

1.071 

0.001482 

0.750 

0.00336 

0.882 

0.00382 

NOTE: Above based on Ts = 44OoR, T = 390°F, tt = 0.02 ft, 

and an all aluminum s t ruc ture .  

e 
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I V .  THE OPTIMUM TEMPERATURE DROP ACROSS THE CONDENSER 

Consider a s ingle  tube section of a tube-and-fin rad ia tor  

(Figure 1). It has been shown (Section 111) t h a t  t he  t o t a l  

heat radiated from the section is: 

where = an a rb i t r a ry  average value defined as the uni t  

2 
t 

heat radiated (tkwlft -hr) a t  a temperature j u s t  

halfway between the i n l e t  and ex i t  temperatures. 

It is assumed t h a t  working f l u i d  en ters  the  r ad ia to r  as 

saturated steam and leaves as  saturated w a t e r .  For equi l i -  

brium conditions the heat radiated from a s ingle  tube and 

f i n  must j u s t  equal the  t o t a l  heat of condensation of the  

steam handled by the  tube,  i .e.,  

where m = the  flow p e r  tube i n  lb/hr ,  

and ‘fi = the heat given up by each pound of steam condensing 

i n  tkw/lb ( for  consistency with zt u n i t s ) .  

IV- 1 a s t r a  
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The flow (m) is related to the steam properties and the 

tube dimensions by the pressure drop relationship 

Lt 
2 -13 rn v 
d4 

- 0 -  

d AI? = 1.35 x 10 

where AP = pressure drop across the condenser in psi, 

and v = specific volume of the steam at the condenser inlet. 

This pressure drop expression suggested by Kern is based on 

empirical results for condensing steam (see Appendix V I - B ) .  

The results given by the expression are within the limits 

of accuracy given for more sophisticated (and complicated) 

expressions and are probably conservative. 

Solving the above expression for the flow: 

112 
d40P 
1.35 x 10 v - 13 

. 112 
= QJN. AP 

and&=d% - -13 ) 
1.35 x 10 v 

IV- 2 a s t r a  
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Thus 

d% (e* A P  

Lt 1.35 1 0 - l ~ ~  

Solving f o r  the pressure drop 

- 
I n  the  above expression < 
of temperature. 

h ,  v, and C4 are a l l  functions t’ 

The change i n  the saturat ion temperature with a change i n  

pressure relates AT and A P .  

as T = -  then A P  = TAT (see Figure 7) .  

I f  w e  def ine 

AT 

t h i s  re la t ionship 

The value of t h i s  

T is  one of the primary factors  t ha t  allows low temperature, 

steam system t o  favorably compete with l iqu id  m e t a l  systems. 

T f o r  steam is  many t i m e s  the  T f o r  m e t a l  vapors and thus 

a considerably la rger  pressure drop (AP) may be used across 

steam radia tors  without incurring a large temperature drop 

(AT). Thus the optimum pressure drop f o r  steam radia tors  

i s  large compared t o  l iquid m e t a l  r ad ia tors  and therefore  

smaller tubes can be used, resu l t ing  i n  l i g h t e r  weight. 

IV-  3 a s t r a  
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C4 w a s  assumed independent of AT t o  save computational labor. 

Moving other terms sensi t ive t o  AT t o  the l e f t  s ide of the 

equation r e s u l t s  in :  

Values of T, h, and q a re  determined f o r  any condenser i n l e t  

temperature (Ti) and any AT. 
t 2 

Thus a p lo t  of TAT 

(Table I1 and Figure 8) w i l l  allow the  determination of AT 

i f  t he  r igh t  s ide  of the  above expression is  evaluated. 

For an assumed length of tube the  temperature drop (AT) may 

be found f o r  each of severai  tube diameters (d) .  Since 

has been determined (Figure 6) the spec i f i c  weight (OPT) 

can be computed from 

Table I11 d e t a i l s  the computations f o r  L = 60 f t  f o r  several  

values of tube diameter (d). Figure 9 shows the  reduction 

i n  qt f o r  an increasing AT f o r  a condenser with Ti = 400 F. 
- 

IV-5 a s t r a  



. -  

I i -  \ 2 \  
TABLE 11, 

(For 

10 - AT 

T 395 

- 
- 

390 
e T 

T 2.69 

1201 

364 
S 

h 

hl - 
h 0 . 2452 

0.2150 

- 2  
1.30 

T(&) AT 34.9 

1 % )  
- 2  

THE TEMPERATURE COMPLEX 
As A FUNCTION OF AT 

= 440'R and T, = 400'F) Ts 

20 - 
390 

380 

2.55 

1201 

353 

0.2483 

0 . 2095 

1.40 

71.4 

40 - 
380 

360 

2.33 

120 1 

332 

0 . 2545 

0.1989 

1.64 

152.8 

I 

60 - 
370 

340 

2.13 

1201 

311 

0 . 2607 

0.1890 

1.90 

242.8 

80 - 
360 

320 

1.95 

1201 

290 

0.2668 

0.1793 

2.22 

346 

100 - 
350 

300 

1.78 

1201 

270 

0.2726 

0.1700 

2.57 

457 
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TABLE 111. TEMPERATURE 

FOR SEVERAL 

(L = 
t 

d 

, D 

(C3F4B) 

n 

-9 ‘ L  i 3  [$j x10 

V 

13 K x 10 

AT 

0.011 

0.051 

0.558 

10.93 

0.728 

66.2 

0.451 

162 

1.863 

1 - 3 5  

184 

48 

0.00366 

169 

0 1950 

3.17 

I 

DROP ACROSS THE CONDENSER 
TUBE DIAMETERS 

60 ft) 

0.012 

0.052 

0.565 

10.86 

0.738 

61.5 

0.378 

125 

1.863 

1.35 

119 

32.5 

0.00373 

169 

0.2038 

3.10 

V-8 

0.013 

0.053 

0.571 

10.77 

0.748 

57.5 

0.331 

97 

1.863 

1.35 

81  

23 

0 b 00380 

169 

0.2080 

3.09 

0.014 

0.054 

0.578 

10.69 

0.758 

54.2 

0.294 

79 

1.863 

1.35 

58.5 

16.8 

0.00388 

169 

0.2110 

3.11 
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. 
, AT re lat ionship  for  several  Figure 10 i s  a p lo t  of the - c 

9, 
values of L. 
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V. THE OPTIMUM HEADER ARRANGEMENT 

A 30 ekw p lan t  operating at an average condenser temperature 

of 390 F w i l l  have an overall  eff ic iency of - 12%. Thus the 

heat generated by t h e  reactor would be - 250 tkw and the heat 

re jec ted  by the  rad ia tor  would be - 220 tkw.  

The heat radiated frDm each rad ia tor  tube i s  (from Section 111) 

The number of p a r a l l e l  tubes required i s  

I1  
Assuming a symmetric array of two iden t i ca l  rad ia tor  

N must be an even ramber. Also, assuming the  turbine is 

located a t  the geometrical center of the two 

headers w i l l  cons is t  of t w o  pa i r s  of steam and water 

headers. 

wings", 

I1  wings," the 

For the steam heac'ers it was assumed t h a t  t he  cross sect ional  

area is  4 t i m e s  the  t o t a l  cross sec t iona l  area of the  tubes 

served. 

That is: 

2 - d  3- 4 sh 
2 - 4 . i ; :  d (tubes served). 

v- 1 a s t r a  



Considering tapered headers the average header area would 

occur approximately where the average number of tubes w a s  

served. 

N + 4  Tubes served = 

T 2 N + 4  And 2 P dsh 2 = 4 ~ d  ( ). 
Then the  average inside diameter is  approximately 

112 - 
dsh = d (N + 4) . 

For 

th = 0.02' 

=I( .- 2 - 
'sh 4 .Dh - d s t )  "h 

where, 

Wsh = weight of one steam header, and 

For the condensate re turn  headers the w a t e r  veloci ty  is  

qui te  low and the cross  sect ional  area may be assumed t o  

j u s t  equal t ha t  of the  tubes served. 
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Thus, ** 
and 

The t o t a l  header weight is: 

dsh 
'ToTh = 2 7r P l h t h  ['sh + th + 2 + th 

1 = 2 7T P l h t h  ( 5 Z s h  + 2 t h  

= 3 7T P l h t h  ( ' shf$  'h) ' 

For 

p = 169 (Al.) and th = 0.02 

= 31.9 lh['Zsh + 0.0267 ) .  'TOTh 

It is  assumed tha t  each 'fwing" of the  r ad ia to r  consis ts  of 

folded" tubes attached t o  headers a t  the whole rad ia tor  I 1  

center l ine.  

i s  approximately Lt/2 and the dimension along the center l ine  

is: 

Thus the wing dimension normal t o  the center l ine  

x 2 (B + D) = N ( B  + D). 2 

N = - (B + D) . 
h 2  By assumption 1 
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The weight of the  tubes and f i n s  alone are j u s t :  

W 
W C 

qc Qc = 220 - 
C w = -  

Table I V  shows the d e t a i l s  of the  header and weight 

computation. 

Figure 11 shows the  tube and f i n  weights, the  header weights, 

and the  weight of the radiator-header assembly a l l  as  a 

function of tube length. 

As expected, a minimum radiator  weight occurs ( for  Lt = 20). 

This r e s u l t s  i n  a r ad ia to r  panel 10 f t  wide by 44 f t  long. 

A more reasonable choice s t ruc tura l ly  i s  L = 40 ft .  This 

gives a panel 20 x 22 f t  for a weight penalty of about 

20 pounds. 

t 

Based on a choice of L = 40 f t ,  the de ta i led  rad ia tor  t 

specif icat ions are given i n  Section I-C. 
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TABLE I V .  DETERMINATION OF CONDENSER AND HEADER 
WEIGHTS FOR VARIOUS TUBE LENGTHS 

(Q = 220 tkw) 
C 

10 20 40 60 80 

NLt 

N 

N* 

d 

(N+4)' 

'sh 
( dsh+O .0267) 

(B+D) 

N (B+D) 

n 1 

'TOTh 

C 
W - 
qC 

C 
W 

'c+h 

0.2140 

0.667 

1542 

154.2 

154 

0.005 

12.57 

0.0628 

0.0895 

0.5615 

86.4 

43.2 

123 

2.54 

559 

682 

0.2122 

0.690 

1503 

75.2 

76 

0.0072 

8.94 

0.0644 

0.0911 

0.580 

44.0 

22 

64 

2.695 

593 

65 7 

v-5 

0.210 

0.723 

1450 

36.3 

36 

0.0105 

6.32 

0.0663 

0.0930 

0.606 

21.8 

10.9 

32.3 

2.917 

641 

673 

0.2084 

0.750 

1407 

23.5 

24 

0.0132 

5.29 

0.0698 

0.0965 

0.626 

15.0 

7.5 

23.1 

3.09 

680 

703 

0.2070 

0.776 

1370 

1 7 . 1  

18 

0.0157 

4.69 

0.0736 

0.1003 

0.644 

11.6 

5.8 

18.6 

3.26 

717 

736 
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V I .  APPENDIX 

A. METEOROID ARMOR THICKNESS 

The expression f o r  the  meteoroid armor thickness i s  

(from Loeffler and Lieblein) : 
1 - 1 1 - 

2 ) 38 
3neg -t. 2 

where t = required tube wall thickness i n  f t .  

a = spa11 adjustment = 1.75 

y = 2  
3 

= meteoroid pa r t i c l e  density = 0.6 g/cm 

= t a rge t  material density i n  l b / f t  
3 

pP 

p t  
( for  aluminum 

pt  = 169) 

- 
V = meteoroid velocity = 98,400 f t / s e c  

1 / 2  

c = 12  where Et = Young's modulus 
L 

= 15,960 
6 (9.3 x 10 x 32.2 

169 ( for  aluminum c = 12 

- 10 
a = 1.01 x 10 

8 = 1.34 
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A =  

H =  

P(0)  = 

n =  

2 Vulnerable or  exposed area - f t  

D i s  the  outside diameter of the  tube or  headers, 

and L i s  the length of tube o r  headers 

mission t i m e  i n  hours = 10,000 

design probabili ty f o r  rad ia tor  survival 

1. 

(= CTDL), where 

(The above values f o r  p a and f3 are mid-December 1962 

numbers obtained from M r .  R e a m  of LRC.) 
P' 

Inser t ing  the  above numbers and performing the indicated 

operation: 

- -  - = 0.1147 
30.5 30.5 

= 1.241 
113 1 $j1'3 = 1.911 

= 1.184 1 - - -113 - 1 
( P , )  113 0.8434 

0.6 
@ 1 / 2  

(62p4pp)  = 162.4 x 0.6 ) = 0.2214 
16 9 

( z  1 = (15 ,960)  

= 0.471 
t 

e 213 
98,400 = (6.17)'13 = 3.36 
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c 

1 - 
(0.0417aAH i3’ - - 14.21 x 10-8A - 1nP (0) i -1nP(O) 

For P(0) = 0.9, - lnY(0) = 0.1054. 

2 
Assume A = 180 f t  , 
then , 

0.249 

(4.21 x x 180) = (0.719 x 10 ) -4 0.249 
0.1054 

= 0.0921 

1 - 
2 38 2 )0024g = (0.427) 0.249 

(3n@3+ 2 )  = ( 3(3) 2 1.34 + 2 

= 0.809 

and 

t = 0.1147 x 1.241 x 1.184 x 0.471 x 3.36 x 0.0921 x 0.809 

t = 0.0199 f t . ,  say ,  0.02 f t .  

The armor thickness fo r  any vulnerable area can be obtained 

from 

A 0.249. 
= 0.02(ig0) A 0.249 

t = to 
0 
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Similarly,  the armor thickness f o r  any assumed survival  

probabi l i ty  can be obtained from 

, 0.249 , 0.249 

. 

Figure 1 2  shows the armor thickness required f o r  various 

values of vulnerable area and survival  probabi l i ty .  

I 1  I 1  The terms armor thickness'' and tube w a l l  thickness" are 

used interchangeably since the  required protect ive armor 

thickness provides many times the cross-sectional w a l l  

area necessary t o  contain the  hoop stresses. 
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B. PRESSURE DROP ACROSS SPACE RADIATORS, IN WHICH STEAM 
I S  CONDENSING 

Accurate calculat ion of the pressure drop, which occurs as the  

working f l u i d  condenses in  a space rad ia tor  i s  an important 

f ac to r  i n  the design optimization of a thermal power system. 

The pressure drop determines, t o  a large extent, the 

e f f ec t ive  condensing temperature, which is  a l so  (very nearly) 

the radiat ing temperature. The relat ionship between 

sa tura t ion  pressure drop and sa tura t ion  temperature drop 

varies over a large range f o r  d i f f e ren t  flow media. The 

condensing temperature of steam i s  less effected by changes 

i n  pressure,  however, than other  working f lu ids ,  such as 

mercury, sodium, and potassium. 

A l i t e r a t u r e  search w a s  made of previous pressure drop 

invest igat ions.  

lines of reasoning. 

and attempted t o  be most  scholarly;  a l l  too frequently,  

however, these 

mathematical equations, and simplifying assumptions had t o  

It was found t h a t  they a l l  followed s i m i l a r  

Many of the techniques w e r e  qui te  complex 

I I  pure" techniques led  t o  tedious o r  unsolvable 

be made. 
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Basically,  pressure drop is  re la ted  t o  two independent 

e f fec ts :  

1. D r a g  f r i c t i o n  between tube w a l l s ,  and the moving 

f l u i d ,  and, 

2. 

caused by the decrease i n  momentum of the vapor as it 

condenses. 

Conversion of veloci ty  pressure t o  s ta t ic  pressure 

It should be noted t h a t  in  a condensing s i tua t ion ,  these 

e f f e c t s  are of opposite sign; i . e . ,  the f i r s t  e f f e c t  causes 

a pressure loss  while the second tends t o  cause a pressure 

rise. (Optimum radia tor  weight design w i l l  always require  

a net  pressure drop.) 

In  calculat ing the  pressure drop (AP),p due t o  f r i c t i o n ,  it 

i s  necessary t o  consider the dynamics of two-phase flow. 

of the  more generally accepted solut ions t o  problems of 

two-phase flow through tubes w a s  published by Lockhart and 

Mart ine  1 li and Mart inel l i ,  et  al .  The cor re la t ion  

proposed by Lockhart and Mart inel l i  is  based on the hypothesis 

t ha t  the pressure drop for  simultaneous flow of two phases 

i s  equal t o  the pressure drop which would occur i f  one of 

the phases were flowing alone, mult ipl ied by a correct ion 

f ac to r ;  t h i s  fac tor  depends on the s ta te  of the flow regime. 

V I -  7 a s t r a  
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(3-6) Several modifications and extensions have been attempted 

t o  improve the usefulness of the Lockhart and Mart inel l i  

correlat ions;  they have, however, s t i l l  re ta ined the  major 

disaavantage of having t o  know the  par t icu lar  flow regime 

before deciding on the appropriate cor re la t ion  char t .  In 

an attempt t o  overcome t h i s  disadvantage, Bergelin, Gazeley 

presented a correlat ion f o r  predict ing gas-phase pressure 

(7-9) drop f o r  s t r a t i f i e d  and annular flow pat terns .  

Treatment of each of the two phases as a pseudo single-phase 

f l u i d  has been suggested and applied with some success t o  

flow-rate-pressure-drop calculat ions by several  invest i -  

It seems, however, t h a t  gators .  

include deviations as high as 30% between calculated and 

II some success" may (10,W 

experimentally observed two-phase pressure drops. (1,2,12) 

The pressure change i n  the second e f f e c t  (AP)M, caused by 

the change i n  momentum, is analyzed by pr inciples  of simple 

gas dynamics.(i3) The c i ted  reference i s  typ ica l  of der ivat ions 

f o r  (AP) and necessarily makes assumptions which incur some M 
e r ro r .  
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A l l  der ivat ions studied obtain the  net pressure change 

across the condenser (DP) by summing the two ef fec ts :  

This i s  the necessary method of analysis  f o r  liquid-metal 

systems because the large densi ty  changes from vapor t o  

l iqu id  place considerably emphasis on the (AP)M term. 

However, when steam-water i s  used as the working f l u i d ,  

the method of pressure drop analysis  can be grea t ly  simpli- 

fied. This i s  because for optimum pressure drop (LIP) the 

(WM i s  subordinated manyfold by the (AP)F term. In 

accordance with t h i s ,  Kern (14) has suggested a means fo r  

computing the pressure drop across steam condensers: 

I n  the condensation of a pure saturated vapor, the 
vapor en ters  the condenser at i t s  sa tura t ion  tempera- 
t u re  and leaves as a l iquid.  The pressure drop i s  
obviously less than t h a t  which would be calculated 
f o r  a gas a t  the i n l e t  spec i f i c  gravi ty  of the  vapor 
and greater  than tha t  which would be computed using 
the ou t l e t  spec i f ic  grav i ty  of the condensate. The 
- m a s s  veloci ty  of i n l e t  vapor and o u t l e t  l iqu id  are, 
however, the  same. In  the absence of extensive corre- 
l a t ions  reasonably good r e s u l t s  are obtained when the  
pressure drop i s  calculated fo r  a m a s s  veloci ty  using 
the t o t a l  weight flow and the average spec i f i c  gravi ty  
between i n l e t  and o u t l e t .  This method is  fur ther  
s implif ied i n  t h e  condensation of steam, by taking 
one-half the conventional pressure drop computed 
e n t i r e l y  on i n l e t  conditions. 

I I  

I 1  
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The resu l t ing  expression is on the conservative s ide ,  since 

the m a s s  veloci ty  of the vapor decreases nearly l inear ly  

from i n l e t  t o  o u t l e t ,  whereas the pressure drop decreases 

as the  square of the velocity.  

Thus, using Kern's method, an expression i s  developed f o r  

pressure drop of condensing steam i n  a tube: 

where APSp i s  the pressure drop fo r  s ingle  phase flow of 

2 

g i s  the gravi ty  constant ( in  t h i s  case 

vapor through the tube - l b / f t  

8 2 4.18 x 10 f t / h r  ) 

3 pv i s  the  density of the vapor i n  l b / f t  

V i s  the flow veloci ty  i n  f t / h r  

f i s  Weisbach's f r i c t i o n  f ac to r  

L i s  the tube length i n  f t .  

W 

t 

and d is  the tube diameter i n  f t .  

But 
2 2 2  4 m v  

d4 
v2 = (--) - 

where m i s  the m a s s  flow ra t e  i n  lb/hr  

and 3 v i s  the spec i f ic  volume of the vapor i n  f t  / lb .  
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Thus 
0‘  

(16) Assuming fw i s  constant at 0.02 

f 2 2  

2 -11 m = 2.88 x 10 - 
d4 

Assuming K e r n ’ s  suggestions and dividing by 144 

ApSP 
2 x 144 AP = 

2 where AP is  i n  lb / in  

2 L 
AP = 1.35 x 10- 1 3 m  - v (5). 

d4 

The above expression i s  subject t o  check by comparing 

with test  r e su l t s .  

Included i n  a report  by TAPCO, (17) are experimental r e s u l t s  

obtained f o r  condensing steam i n  tubes with a uniform heat 

t r ans fe r  rate. 
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Experimental Data: 

Inlet Conditions: 

P - 16.2 p s i a  

t = 240'F 

m = 1.23 lb/hr/tube (mass  f l o w  rate) 

= 4 f t  (tube length) 
Lt 

d = 0.0121 f t  (tube I .D. )  

B y  Kern's Method: 

Lt (r) 13 2 m v  1.35  x 10- AP = 
d4 

3 v I = 25.4 f t  / l b  

Inlet conditions 

1 .35  x 10 -I3 (1.23)2 (25.4)  (4) A P  = 
~ 0 1 2 1 ) ~  

AP = 0.08 p s i .  

(Vertical tubes) 

Observed results (vert ica l  tube) 

AP (across cond.) = 150.7 psf  

AP (gravity head) = 137.5 psf  

AP (net) = 13.2  p s f  pressure drop across 

condenser w i t h  gravi ty  

effect removed. 
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COMPARISON: 

Pressure drop observed 

Pressure drop calculated 

Percent deviation: (-)* 13% 

13.2 psf = 0.0916 p s i  

= 0.08 p s i  

This deviation w a s  expected as there  were 23 degrees of 

superheat a t  the  i n l e t  of the tes t  tube. Condensing didn' t  

begin u n t i l  vapor w a s  some distance down tube. Thus a 

portion of the  tube operated under s ing le  phase flow 

conditions and at  maximum veloc i ty  - hence maximum pressure 

drop. 

* Minus sign indicates  the calculated value less than the  
observed value. 
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